Bioglass (BG) was prepared by sol-gel method and the role of sintering temperatures (600, 700 and 800°C) on crystalline phase changes, bioactivity, erythrocyte and MG-63 cell line compatibility was investigated. Increase in sintering temperature from 600 to 800°C led to the secondary phase formation that was confirmed through structural analysis. Micrographics revealed the formation of nanorods (700°C) and nanoflake like (800°C) morphologies. Biocompatibility assay showed that, BG sintered at 600°C had optimal biocompatibility while better mechanical property was noted at 700°C. Altogether, the study demonstrated that increasing the sintering temperature will result in increased crystallinity which in turn resulted in the optimal biomineralization but decreased the biocompatibility. Hence, we demonstrated the importance of temperature during the processing of BG for various applications, as it affects many properties including bioactivity and compatibility.
I. Introduction
The Bioglass 45S5 particulates have been used in the name of NovaBone ® (NovaBone products LLC, Jacksonville, FL) [1] to cure maxillofacial and orthopaedic defects. The Endosseous Ridge Maintenance Implant (ERMI) introduced a bioglass (BG) into the tooth extracted sites in the form of cone and putty as implants [2] . PerioGlas (US Biomaterials at present sold to NovaBone) was used to treat periodontal diseases [3] . Biogran is one of other forms of the Bioglass 45S5 (Biomet 3i, palm Beach Gardens, FL) which is used for jaw bone defects [4] . The current issue is that in all the commercial materials particle sizes are greater than 50 µm, which may cause the toxicity at the genomic level [5] . Hence with the advent of nanotechnology, the research has moved towards optimisation of crystallinity and morphological characteristic features, to gain better bioactive as well as biocompatible materials. Even though several varieties of commercial materials have evolved; still research is needed to improve the aspect of dissolution/degradation resulting from the bioactivity/biocompatibility.
The advantage of bioglass is its easy bonding with both bone and tissue [6, 7] and faster response and interaction between implant material and host tissue than other biomaterials such as hydroxyapatite and tricalcium phosphate [8] . However, several processing routes, such as the production of scaffolds or the deposition of coatings, include a thermal treatment to apply or sinter the glass. The exposure to high temperature may induce a devitrification phenomenon, altering the properties and, in particular, the bioactivity of the glass. During sintering, the material becomes more compact, whereas the degree of porosity decreases and interconnecting porosity may be lost. Thus, osteoconductivity will be reduced and biodegradability becomes more difficult [9] . Often, ceramic particles are still visible, even after sev-eral years. They have a negative influence on the mechanical properties of the bone and favour chronic inflammation [10] .
The bioglass 45S5 system contains 45 wt.% of SiO 2 , 24.5 wt.% Na 2 O, 24.5 wt.% CaO and 6 wt.% of P 2 O 5 and mostly two methods are used for the synthesis: melt quenching and sol-gel method. We used the solgel method to prepare bioglass, because this technique takes lower preparation temperature, better control, good quality, minimal cost and produces BG with high surface area accelerating the rate of hydroxyapatite formation [11, 12] . It is evident from the literature that mechanical stability increases with increase in crystallinity [13] . Massera et al. [14] studied BG crystallization mechanism and its structural properties and reported that better bioactivity results as a consequence of partial crystallisation. Furthermore, Thomas et al. [15] expressed that crystallization mechanism depends on sintering kinetics which contributes to the understanding of the structural behaviour and phase transition in BG. Thus, as it is shown in Table 1 a few reports are available on the structure stabilisation of BG at various temperatures, however the relation between biocompatibility and crystallization temperature are sparsely reported. Hence, we intend are intended to bring out the significance of various sintering temperatures on the erythrocyte compatibility, ALP activity, and cytocompatibility in addition to bio mineralization of BG.
II. Experimental procedure

Materials and methods
All the chemicals and reagents used in the present work are analytical grade without additional purification. TEOS (tetraethyl orthosilicate (98% pure) was purchased from Alfa Aesar, orthophosphoric acid (88% pure), calcium nitrate (99% pure) and nitric acid (70% pure) were purchased from Spectrum Reagents and Chemicals Pvt. Ltd., sodium hydroxide (98% pure) was purchased from Sisco research laboratory. These chemicals were utilized to prepare bioglass, through sol-gel method. Firstly, 45% of TEOS (tetraethyl orthosilicates) was added with double distilled water, nitric acid and ethanol for silica hydrolysis. It was stirred for 1 h to form a complete gel. Then reagents were dissolved individually for 45 min and added to silica matrix in the following order and amount: 6% orthophosphoric acid, 24.5% calcium nitrate and finally sodium hydroxide 24.5%. The resultant product was a white sol that was kept for ageing under stirring for 12 h to form a highly ordered gel matrix and then it was dried in a hot air oven for 24 h at 120°C. Finally, in order to stabilize the phase formation, heat treatment was adopted at different temperatures such as 600, 700 and 800°C for 3 h in a box furnace under ambient atmosphere. Thereafter, they will be designated as BG600, BG700 and BG800, respectively. 
Material characterization
The prepared bioglass was characterized to study its thermal properties using thermogravimetric analysis and differential thermal analysis (SII Nanotechnology-TG/DTA-6300, Japan). Structural and phase conformations were examined using X-ray diffraction (XRD, PANalytical Instruments, The Netherlands) using Cu-Kα 1 radiation (λ = 0.154 nm) with the scanning rate of 2θ = 3°/min. The morphological changes of BG before and after immersion were examined using field emission scanning electron microscope (FESEM, HI-TACHI SU-6600, Japan) with the electron beam energy of 15 keV. Further on, to confirm the molecular vibrations, we utilized Raman and Fourier transform infrared spectroscopy (Nanophoton Raman 11i, Japan and Perkin Elmer Spectrum-1). Vickers hardness test was carried out according to C 1327-03 ASTM standard by Vickers microhardness tester Wilson Wolpert, Germany with the load of 0.98 N. Biocompatibility properties were analysed by haemolytic assay with erythrocytes and cell proliferation assay using MG-63 (osteosarcoma) cell line. Apparent porosity was estimated using Archimedes technique as reported by Seyedmajidi et al. [24] . All the three sintered and as-prepared bioglass pellets (50 mg samples were used to make pellets by pelletizer with 80 bar pressure) were immersed in boiling water for 3 h. Dry weight, suspended weight and saturated weight of the bioglass pellets were measured before and after immersion to determine the porosity of the samples. Subsequently apparent porosities (P) of the pellets were calculated using the formula (1):
where S aW is saturated weight, DW is dry weight and S uW is suspended weight.
In vitro bioactivity test
In vitro bioactivity of the sample was investigated using simulated body fluid (SBF). SBF has the ionic composition nearly similar to human blood plasma. Bone bonding ability of the bioglass samples was essentially assessed using SBF. The powder samples (100 mg) were made into 8 mm pellet by pelletizer with the pressure up to 80 bar. Then, BG samples were immersed in SBF solution for an appropriate duration to analyse the formation of hydroxyapatite (HA) or hydroxyl carbonate apatite (HCA) layer on the surface of bioglass. The reaction between SBF and bioglass is similar to bioglass reacting with body fluid [25, 26] . HCA layer formation occurs on the surface of the material, which will initiate the osteo-production. The bioglass pellets were immersed in 10 ml of SBF at the temperature of 37°C. In the present study, the immersion was carried out for 7 days. As a final point, the samples were filtered using Whatmann filter paper and dried in the hot air oven at 70°C for 5 h. To investigate the apatite formation we used FESEM to examine the morphological changes due to gradual dissolution and the formation of bone like hydroxyl carbonate apatite layer on the material surface.
Haemocompatibility studies
Haemocompatibility is one of the essential methods to evaluate the compatibility of any biomaterial using erythrocytes. Initially, blood was collected from volunteer donor retained by using EDTA to inhibit the coagulation and centrifuged for 10 min at 4°C, and again washed 2 to 3 times using phosphate buffer saline (PBS) to separate plasma. The obtained blood sample (50 µl) and PBS (950 µl) were mixed with bioglass samples in Eppendorf tubes. All bioglass samples were analysed in triplicates (n = 3) with varying concentration, such as 0.5 mg/ml, 1 mg/ml, and 2.5 mg/ml, and further incubated for 1 h at 37°C. Then the samples were centrifuged for 10 min at 4°C and the optical density value was noted at 540 nm. The haemolysis (H) was calculated using the formula (2):
where S A is sample absorbance, NC is negative control and PC is positive control.
Cytocompatibility studies
MG-63 cell line is commonly employed cell line to analyse the compatibility of biomaterial with bone and to see its effect on the cells proliferation. The biocompatibility of the bioglass sintered at various temperatures was evaluated using MTT (methyl thiazolyldiphenyl-tetrazolium bromide) assay. The cells were maintained in Dulbecco's Modified Eagle's Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% antibiotics (tetracycline). The cells (1 × 10 5 /well) were plated in 96-well plate and incubated at 37°C with 5% CO 2 atmosphere. Various concentrations (100, 75, 50, 25, and 10 µg/µl) of the samples were added and incubated for 24, 48 and 72 h, respectively. After specific incubation duration, the medium was removed from the well and washed with phosphate buffered saline (pH 7.4). Methyl thiazolyldiphenyl-tetrazolium bromide was added to the samples at 50 µl/well (5 mg/ml) of 0.5% MTT and incubated for 4 h. After incubation, 100 µl of DMSO (dimethyl sulfoxide) was added to all the wells to solubilize the formazan crystals, formed after the reaction between mitochondrial dehydrogenase and MTT. The optical density at 570 nm was measured by ELISA reader. Cell viability (CV) was calculated using the following formula (3):
where S A is sample absorbance and S C is sample control.
III. Results and discussion
Thermogravimetric analysis
Thermogravimetric analysis was used to measure the change in mass of BG with respect to temperature up to 1000°C. TGA curve (Fig. 1) shows total of 42.7% weight loss in two stages. In the first stage, 16% weight loss occurred from 29 to 148°C due to the removal of water and −OH groups [16] . In the second stage, 26% weight loss was observed from 573 to 781°C, initiating the crystallization in BG. Accordingly the endothermic peak of the DTA spectra reflects the removal of alcohol and physically adsorbed water molecules. The exothermic peak centred at 300°C is attributed to the removal of nitrate groups [27] . The second endothermic peak at 732°C might represent the melting point of crystalline phase, and above 800°C starts secondary phase formation that can be further confirmed from XRD analysis [17, 28] . Thus, from the above analysis it is found that the onset of phase transition in BG occurs at 732°C. We chose 3 sintering temperatures, 600, 700 and 800°C respectively to evaluate the in vitro biomineralization ability and biocompatibility with respect to crystallinity. 
Structural analysis
The BG samples were subjected to XRD analysis to study the phase and crystalline structure of sodium calcium silicate system. In general, BG is amorphous in nature; however, the pattern shows crystallinity due to the incorporation of sodium into the bioglass system [29] . The XRD pattern corresponding to BG600 and BG700 are shown in (Fig. 2) . They match well with dual phases of Na 2 Ca 3 Si 6 O 16 (JCPDS No. 23-0671) with anorthic structure and Na 2 Ca 2 Si 3 O 9 (JCPDS No. 22-1455) with hexagonal crystal system. Contrarily, in BG800, new small peaks were observed and differences were noted in relative intensity peaks, which may be due to the different crystal orientation of BG800. This indicates a phase transition to Na 2 Ca 4 (PO 4 ) 2 SiO 4 crystalline phase (JCPDS No-32-1053).
It can be seen that the sodium-related peak is the maximum intense peak in BG600 and BG700, whereas in BG800, sodium peak gets suppressed and calcium phosphate peak intensity seemed to be enhanced. Current XRD spectra denotes the Na 2 Ca 4 (PO 4 ) 2 SiO 4 (silicorhenanite) as a major phase in BG800. Lattice arrangements may vary by increasing the sintering temperature; hence crystal structure and phases can also be modified. Lefebvre et al. [30] reported that dual oxygen-phosphorus bond can create a platform for the formation of phosphate phase on the silica network which increases the crystallization. Our study clearly depicts that, by increasing the sintering temperature, crystallinity of sodium calcium silicate phase was increased with the phase transition to Na 2 Ca 4 (PO 4 ) 2 SiO 4 .
Raman and FTIR
The Raman spectra of the as-prepared BG, BG600, BG700 and BG800 are shown in (Fig. 3a) . It is found that the peaks at 965, 966 and 967 cm -1 representing P−O−P symmetric stretching indicate the presence of phosphate in all the samples. Also peaks at 1066 cm -1 and 1020 cm -1 represent Q 4 Si−O−Si symmetric stretching in all BG samples. The shoulder peak that appears around 939 cm -1 in the spectra of BG700 is found to develop when the temperature is raised to 800°C and denotes Q 2 Si−O−Si stretching in BG800. These results are consistent with that of the XRD confirming the phase transition between 700 and 800°C resulting in a phase with phosphate as one of the components. Additionally, silica peak present at 1066 cm -1 is gradually suppressed as the temperature increases that could be due to the formation of secondary phase.
FTIR spectra of BG600 to BG800 are shown in (Fig.  3b) . BG600 transmission spectra denote the peak centred at 573 cm -1 ascribed to P−O bending vibrations of apatite-like calcium phosphate phase [29] 
Morphological analysis
The surface morphology and homogeneity of BG samples, as-prepared and sintered at various temperatures, were imaged using FESEM and are displayed in Fig. 4 . The morphology and particle size distribution of BG is found to vary when the temperature was gradually increased. From Fig. 4a the micrographs corresponding to the as-prepared BG reveals cubic morphology with even distribution. The sample BG600 has similar morphology with increased particle size. Upon increasing the temperature to 700°C the particle tend to agglomerate into need-like crystalline state of large particles. Furthermore, these needle particles undergo agglomeration to exhibit flake-like morphology when the temperature was raised to 800°C, which can be clearly seen from Fig. 4d . Thus, the variation of average particle diameter and length of the samples calculated using ImageJ software are tabulated in Table 3 .
Vickers hardness and apparent porosity
Mechanical properties were analysed using Vickers hardness (HV). The load of 0.98 N was used to indent the bioglass samples and estimate mechanical strength (carried out in triplicates). All BG samples exhibited considerable hardness, of which BG700 expressed higher stability (Table 4) . Hardness of BG600 is ∼522.7 MPa. BG700 showed higher mechanical strength of ∼558 MPa due to higher crystallinity. Subsequently when the temperature was raised to 800°C, hardness was found to decrease to ∼416.8 MPa in BG800. The reduced stability in BG800 may be collectively due to the decomposition of bioglass into another phase as well as the influence of grain size on hardness [44] according to Hall-Petch theory, which specifies that increasing calcination temperature leads to the rise in the grain size. When grain size reaches the specific limit, grain boundaries start to slide, thus reducing the micro hardness of the material.
Apparent porosity estimated by Archimedes method is shown in Table 4 . Maximum porosity of 56% was observed in BG600 that may be due to the spherical Figure 5 . Morphology of bioglass samples analysed using FESEM after mineralization study morphology of the corresponding sample. Furthermore, 41% porosity was observed for as-prepared bioglass and 20% and 19% porosity for BG700 and BG800, respectively. Morphology plays a significant role in porosity, which in turn encourages tissue growth and neovascularization [45] . Hence, the results from these experiments suggest BG600 to be more biocompatible and suitable for bone cell adhesion and growth conditions, hence it prompted us to check further the biocompatibility of these samples.
Biomineralization studies
The results of in vitro mineralisation studies for all BG samples are shown in Fig. 5 . In all samples morphology completely varies from the first day to the seventh day, which is characteristic for apatite. Compared to BG600 and BG700, the surface changes were promptly observed in BG800 that may be attributed to Na 2 Ca 4 (PO 4 ) 2 SiO 4 crystalline phase. Furthermore it is evident that before immersion all BG samples possess a smooth surface and it is only after the contact with ionic fluid that FESEM micrographs reveal the formation of small apatite-like crystals, which ascertain the formation of apatite layer. Kokubo et al. [46] reported that a calcium phosphate film and SiO 2 rich layer form on the surface of the BG when implanted in the human biological atmosphere that permit bonding towards existing bone. Morphological variations were observed after soaking the samples in SBF. The surface transforms towards apatite formation that were clearly observed after 1, 3 and 7 days of immersion as represented in Fig. 5 . After one day of immersion, small particles growth indicates initial period of the growth with spike like apatite on the surface. Moreover, on day three immersed sample showed spindle like projections of calcium phosphate on their surface. A flower-like morphology was observed on the seventh day of immersion, which indicates that calcium phosphate has been deposited on the surface.
Haemocompatibility studies
Haemolytic activity determines the haemoglobin discharge under the static circumstances [47] . Erythrocyte compatibility is one of the influential factors to investigate the biocompatibility. A compatible result was obtained from the haemolytic assay, all BG sam- Figure 6 . Haemocompatibility assay of BG600, BG700 and BG800 samples ples showed maximum lysis of 0.15% at a maximum concentration of 2.5 mg/ml. All results were fitted with standard deviation (SD) and the results were considered as statistically significant. As per ASTM standard -F756 (Standard Practice for Assessment of Hemolytic Properties of Materials) below 2% is non-haemolytic, 2 to 5% is slightly haemolytic and above 5% is haemolytic. Figure 6 shows that compared to BG600 and BG700, a slight increase in lysis was noted for BG800 that might be due to the presence of sodium crystals in BG network. Furthermore, higher peak broadening was noted in Raman spectra after immersion, reiterating the increased sodium level in BG700 and BG800. Naturally, sodium crystals have a tendency to damage red blood cells (RBCs) [48] . In the present study, we speculate that with increased sintering temperature, sodium might easily leach out from BG network resulting in lysis of RBCs. Chen et al. [49] and Romeis et al. [50] reported that increasing sintering temperature attributes to the increased mechanical stability but compromises the biocompatibility. Also, particle size and shape plays a role in biocompatibility [51] . In this study rod-like morphology with micron sized particles were confirmed through FESEM in BG700 and BG800. On the other hand cubical morphology was exhibited in BG600 indicating cube/spherical shape to be more compatible with cells than rod-like morphology.
Cytocompatibility studies
Osteoblast-like cell line MG-63 was used to investigate the biocompatibility of BG samples with bone like cells. MTT reduction shows the metabolically active cells in the culture plate. The BG samples were incubated in the culture plates for 24, 48 and 72 h duration (Fig. 7) . Gradual increase in proliferation rate was observed from the first day onwards. Overall BG samples showed a maximum of 94.34% and a minimum of 88.25% cell viability with the concentration level of 50 µg/ml. BG600 shows 92.86% cell viability in 24 h. In the case of 48 h it is 93.84% and for 72 h it increased up to 94.34% of proliferation. Similarly, BG700 shows the viability of 92.4% in 24 h, 90.74% in 48 h and 91.04% in 72 h. Furthermore, 88.25% viability was noted in 24 h, 85.53% in 48 h and 90.63% in 72 h for BG800. Compared to BG800 better compatibility was achieved for BG600. BG600 incubated cells showed gradual proliferation from 24 to 72 h but in BG700 and BG800 proliferation rate was reduced on the second day and then increased on the third day that could not be explained from the data in the present study. Increasing the sin- Figure 7 . Cytocompatibility studies shows the cell viability and proliferation percentage of bioglass samples tering temperature reduces biocompatibility, which was found to be consistent with haemocompatibility assay, yet it should be noted that the level of lysis was still within the recommendation of international standards. Nevertheless, relative proliferation of MG-63 cell line on BG600 was found to be higher than BG700 and BG800.
Micrographs of the MG-63 cell line are displayed in Fig. 8 showing proliferation of MG-63 with BG samples. Cells were incubated from 24 up to 72 h with BG samples (concentration 50 µg/µl) sintered at various temperatures. The optical microscope images show gradual growth compared to control. All the samples supported cell viability. Biocompatibility of BG600 showed better results than BG800 because BG600 has combite mineral phase (Na 2 Ca 2 Si 3 O 9 ) that enhanced the biocompatibility and also showed semi-crystalline nature. Hence, the amorphous materials interaction with body fluid is better than with crystalline material, so amorphous material facilitates the biocompatibility. From our study, we suggest that BG sintered at 600°C will be suitable for bone regeneration application. Above this temperature there will be a compromise in bioactivity.
Erythrocyte compatibility of BG600, BG700 and BG800 is represented in the schematic diagram in Fig.  9 . BG600 and BG700 have orthorhombic and hexagonal crystal system with Na 2 Ca 3 Si 6 O 16 and Na 2 Ca 2 Si 3 O 9 crystalline phases. Similarly BG800 possesses hexagonal and anorthic crystal system with Na 2 Ca 2 Si 3 O 9 and Na 2 Ca 4 (PO 4 ) 2 SiO 4 crystalline phases. Thus, depending on the sintering temperature varied crystalline phases vary and morphologies such as cubes (600°C) rods (700°C) and flakes (800°C) were attained. BG700 and BG800 samples showed slight damage on the erythrocyte membrane; therefore comparatively higher lysis percentage was obtained by haemocompatability assay. Altogether BG600 showed elevated compatibility compared to BG700 and BG800.
Previous reports on the glass crystallization mechanism demonstrate that at the first stage glass transition is acquired around 550°C, followed by separation of glass in-glass-phase around 570°C. Further increase in sintering temperature induces that glasses possibly lose their homogeneity, resulting in two dissimilar immiscible phases [30] . Accordingly in our case, we gained dual phases Na 2 Ca 3 Si 6 O 16 and Na 2 Ca 2 Si 3 O 9 (BG600 and BG700) and Na 2 Ca 2 Si 3 O 9 and Na 2 Ca 4 (PO 4 ) 2 SiO 4 (BG800) in all three bioglass samples. Also, the above phase transitions are accompanied by growth in particle size while the sintering temperature is increased.
The study reveals that BG800 is 90.63% biocompatible and with ∼416.18 MPa hardness. Increased bioactivity can be clearly seen from mineralization results. In BG700 hydroxyapatite phase 91.04% biocompatibility and the hardness of ∼558 MPa were achieved. Similarly, BG600 exhibits wollastonite along with hydroxyapatite phase due to the mineralization and 94.34% biocompatibility with hardness of about ∼522.7 MPa. From the obtained results it is found that mechanical strength enhances up to 700°C after which it decreases drastically at 800°C, the reason being that as temperature increases the grain boundaries start to slide thus reducing the micro hardness. BG700 optimally balances the mechanical strength and biocompatibility due to the crystal structure (Na 2 Ca 3 Si 6 O 16 and Na 2 Ca 2 Si 3 O 9 ) with better crystallinity. Similarly, owing to the amorphous nature, BG600 showed higher compatibility and comparatively acceptable mechanical property. From these results it is concluded that BG600 exhibits better biocompatibility and BG700 exhibits optimal compatibility with higher mechanical stability. Hence we propose that a better compromise in biocompatibility and mechanical stability can be expected for highly efficient bioactive glasses when samples are prepared between 600 and 700°C.
IV. Conclusions
In the present study, bioglass (BG) was prepared using the sol-gel method and sintered at three different temperatures 600, 700 and 800°C. It was intended to find the crystallization of BG with respect to the sintering temperature and its influence on the bioactivity and biocompatibility. The crystallization of BG was analysed with XRD. Samples BG600 and BG700 show mixed mineral phases Na 2 Ca 3 Si 6 O 16 and Na 2 Ca 2 Si 3 O 9 . Also for sample BG800, Na 2 Ca 2 Si 3 O 9 and Na 2 Ca 4 (PO 4 ) 2 SiO 4 dual phases were formed. BG700 showed higher mechanical stability (∼558 MPa) because of high crystalline nature and BG600 exhibits improved porosity of 56% and comparatively acceptable mechanical strength of ∼522.7 MPa, which might initiate the compatibility with erythrocytes and MG-63 cell lines. In vitro immersion studies indicate more rapid hydroxyapatite formation in BG800 and BG700 compared to BG600, which depends on crystallization. In contrast, BG600 expressed higher haemocompatibility rate than BG700 and BG800. Also, compared to BG700 and BG800, acceptable cytocompatibility was obtained for BG600. From this study, it is concluded that 600 and 700°C calcined bioglasses have possible features to initiate better osteointegration and bone cell proliferation. Thus, we propose that BG600 will optimally initiate osteocytes proliferation and enrich the bone regeneration and BG700 will possibly maintain the mechanical stability. Gene expression and in vivo studies will provide better proof for further validation. From the present study, we also conclude that even though a material may show optimal biomineralization capacity, its biocompatibility may not be optimal. As a result, for a biomaterial to be recommended as a bone substitute, it should be characterised with haemocompatibility, cytocompatibility and ALP activity to understand biocompatibility of the material. Ultimately, this study also proposes that while processing BG for various applications, temperature has to be considered as a vital parameter as it affects bioactivity and compatibility.
